Objective: To investigate the relationship between cerebral blood flow and dementia in older stroke survivors and subjects with Alzheimer disease (AD).
Reduced cerebral blood flow (CBF) has been reported in vascular dementia (VaD) compared with that in control subjects. [7] [8] [9] Likewise, vascular cognitive decline has been associated with global hypoperfusion 8, 10 and specific reductions in the thalamus in studies of small vessel disease. 7, 9 The aim of this study was to measure CBF using arterial spin labeling MRI in older stroke survivors (aged older than 75 years) to compare CBF in those with vs those without subsequent dementia. We also compared them with subjects with AD and healthy control subjects. We hypothesized that the PSD group would have globally low perfusion, with thalamic deficits (possibly associated with subcortical stroke), whereas we expected the AD group to show hypoperfusion in the posterior parietal and prefrontal cortices. We expected medial temporal lobe atrophy to be marked in AD but also to be present in PSD because of the presence of Alzheimer-type pathology in this older group.
METHODS Subjects. Stroke patients taking part in this imaging investigation were from a cohort described previously, 11 which has been followed longitudinally. These subjects were recruited between 2000 and 2002 from representative hospital-based stroke registers in Tyneside and Wearside (UK) and were older than 75 years at the time of the stroke, defined using the World Health Organization criteria. Clinical and CT scan evidence-based diagnoses of stroke and the Oxfordshire Community Stroke Project (OCSP) classification 12 were recorded. Patients were screened at 3 months to exclude dementia. Subjects underwent an annual clinical and cognitive assessment, and all surviving stroke subjects were invited for a MRI scan on average 6.2 (SD 0.86) years after the initial stroke. Of the original 355 stroke patients, 135 were still undergoing regular study follow-up (153 had died and 67 had refused follow-up). Of these 135 subjects, 41 agreed to an MRI scan (49 refused and 45 had contraindications to imaging).
Dementia at the time of imaging was diagnosed in the stroke group using the DSM-III-R criteria, and subjects were classified as either poststroke no dementia (PSND) (n ϭ 33) or poststroke dementia (PSD) (n ϭ 8). For comparison, additional subjects of similar age with AD (n ϭ 26) were recruited from clinical old age psychiatry, geriatric medicine, and neurology services, along with 30 healthy subjects, drawn from friends and spouses of patients and a register of subjects who had previously indicated a willingness to participate in research. All subjects with AD fulfilled the criteria for probable AD according to National Institute of Neurological and Communicative Disorders and Stroke-Alzheimer's Disease and Related Disorders Association criteria. 13 No subjects had contraindications for MRI.
Standard protocol approvals, registrations, and patient consents. All participants gave written informed consent for the study. The appropriate local research ethics committees had granted ethical approval for the study.
Neuropsychologic methods. To evaluate global cognitive performance, we used the Cambridge Cognitive Examination-Revised, Section B (CAMCOG-R), 14 which is a standardized paper-and-pencil test for global cognition (maximum score, 105). It has subscores for several cognitive domains including executive function and includes the Mini-Mental State Examination (MMSE). Memory was assessed with the Rey Auditory Verbal Learning Test 15 and the Boston Naming Test 16 was given as a measure of language function. MRI acquisition and processing. MRI was obtained on a 3-T whole-body Philips Achieva System (Philips Medical Systems, Best, the Netherlands). A T1-weighted anatomic volume with 1-mm isotropic resolution and fluid-attenuated inversion recovery (FLAIR) image with 3-mm slice thickness were collected using a standard clinical protocol. CBF images were acquired from an arterial spin labeling sequence 17 (flow-sensitive alternating inversion recovery) with 4 contiguous slices (6-mmthick, in-plane resolution, 4 ϫ 4 mm).
The MRI scans were processed with SPM software to identify gray matter (GM) and white matter (WM) and CSF components on the image. We then calculated total brain volume (TBV) as the sum of GM and WM volume (in mL) and intracranial volume (ICV) as the sum of GM and WM plus CSF. The TBV/ICV ratio was then calculated as an estimate of brain atrophy. The hippocampus volume was also determined. Total white matter hyperintensity (WMH) volume was calculated from the FLAIR images. Analysis was performed blind to subject group. CBF was calculated in GM within regions of interest (ROIs) (figure) and throughout the imaged brain and also within a WM mask. To avoid brain atrophy causing artificially low CBF values, we only measured CBF within voxels with at least 50% GM or WM. We then calculated the ratio of GM CBF to WM CBF in the whole brain and these ROIs (GM/WM CBF). We used a ratio of CBF in GM to CBF in WM because there is considerable between-individual variability in global CBF due to physiologic factors. 18 Accounting for this variability by normalizing to a reference region decreases between-subject variance. A previous study found that using a GM/WM CBF ratio allowed subjects with AD to be detected with a greater degree of sensitivity, 19 and the WM has been shown to be a good reference region in older subjects. 20 Full details of the MRI acquisition and processing are found in appendix e-1 on the Neurology ® Web site at www.neurology.org.
Statistics.
We used the Kolmogorov-Smirnov test to assess normality of the data. CAMCOG-R, MMSE, and Rey scores were not normally distributed, and hence we used the Kruskal-Wallis test to compare all groups, followed by Mann-Whitney post hoc tests to compare control vs PSND and AD vs PSD groups. The Fisher exact test was used to compare sex between groups. WMH volumes were normally distributed after a log transform. All other MRI variables were normally distributed. We compared values between groups using analysis of variance, followed by Gabriel post hoc tests. When MRI scans were missing or not usable (due to movement), subjects were excluded from analysis. For data missing for individual variables, the subject was only excluded from the relevant analysis.
RESULTS
Demographic details are shown in table 1. There were no significant differences in the num-bers of men and women between stroke with dementia vs without dementia or between AD and PSD or control groups, although the AD group did have more women than the PSND group did. Cognitive measures did not differ between the PSD and AD groups; however, cognitive measures were slightly lower in the PSND group than for control subjects. Baseline stroke classification was 28 PSND and 6 PSD with ischemic infarction, one PSD and one PSND with hemorrhagic infarct, one PSD with in-tracerebral hemorrhage, and 3 PSND with transient ischemic attacks.
To investigate any bias arising from patient participation, we analyzed demographics across the whole stroke patient cohort. In those patients who declined to participate, the incidence of dementia (14 of 49) was not significantly different from that of the group who underwent MRI (8 of 41) (Fisher exact test, p ϭ 0.5). Of those with contraindications, 19 of 45 had dementia, a higher proportion than the 8 of 41 in the imaged group ( p ϭ 0.038). In the group without MRI, the numbers of reported further strokes (5 of 94) and TIAs (16 of 94) were not significantly different from those of the group with MRI (stroke, 1 of 41; TIA, 3 of 41). There was a difference (Fisher exact test, p ϭ 0.015) in OCSP classification between the original cohort (lacunar syndrome/partial anterior circulation syndrome/total anterior circulation syndrome/posterior circulation syndrome ϭ 104/132/18/36) vs those with MRI (lacunar syndrome/partial anterior/circulation syndrome/total anterior circulation syndrome/posterior circulation syndrome ϭ 12/13/1/13) with a greater proportion of posterior vs anterior syndrome in the MRI group. Six subjects (all with AD) did not have T1-weighted anatomic scans because they did not tolerate the whole scan protocol and were excluded from the analysis. Perfusion data were not usable in one control subject, 4 subjects with AD, and 2 PSND subjects because of uncorrectable motion artifacts.
The figure shows examples of perfusion images. Table 2 shows magnetic resonance variables compared between groups. Total brain volume was reduced in the AD and PSD groups compared with that in control subjects. Hippocampus volume was reduced in all 3 patient groups compared with that in control subjects and in the PSD compared with the PSND group. WMH volumes, as expected, were increased in both stroke groups, but not in the AD group.
Whole-brain GM/WM CBF was reduced in the PSD group compared with that in the control group. Parietal perfusion was reduced in all 3 patient groups, whereas prefrontal perfusion was reduced in the AD group and central gyrus perfusion was reduced in the PSND and PSD groups relative to that in the AD group. There were no significant differences in thalamic perfusion between any of the groups. We also investigated CBF in the stroke group according to the OCSP classification and found no CBF differences between the different classifications, either in the entire stroke group or in the PSD and PSND groups separately (appendix e-2). In the PSD group, CBF did not correlate with time of dementia onset. We next divided the subjects into stroke (PSD and PSND) and nonstroke (control and AD) groups and performed a binary logistic regression of predictors of dementia (AD or PSD) with fixed independent variables of age and sex and stepwise variables of TBV, WMH volume, hippocampus volume, and global GM/WM CBF. We found in the stroke group that CBF (Wald ϭ 3.9; p ϭ 0.047) and in the non-stroke group that hippocampus volume (Wald ϭ 7.9, p ϭ 0.005) predicted dementia. Again, by analyzing the stroke and nonstroke groups separately, a linear regression of predictors of CAMCOG-R score with fixed independent variables of age and sex and stepwise variables of TBV, WMH volume, hippocampus volume, and global GM/WM CBF found in the stroke group that age (b ϭ Ϫ0.37; p ϭ 0.016) and CBF (b ϭ 0.36; p ϭ 0.020) and in the nonstroke group that hippocampus volume (b ϭ 0.76; p Ͻ 0.001) and female sex (b ϭ 0.202; p ϭ 0.044) predicted a low CAMCOG-R score. By adding the 3-month poststroke CAMCOG-R score to the regression for the stroke patients, predictors of CAMCOG-R score at the time of imaging were 3-month CAMCOG-R score (b ϭ 0.60; p ϭ 0.001) and hippocampus volume (b ϭ 0.33; p ϭ 0.023). A stepwise regression model (with variables of TBV, WMH volume, hippocampus volume, age, and sex) found that the best predictor of reduced global CBF was hippocampus volume in both the stroke (b ϭ 0.38; p ϭ 0.017) and nonstroke (b ϭ 0.58; p Ͻ 0.001) groups.
For 16 stroke subjects (2 with dementia), we had a visual rating of medial temporal lobe atrophy (MTA) from an MRI scan obtained at baseline. 21 The MTA rating at baseline correlated with hippocampus volume at a follow-up scan (r ϭ Ϫ0.70; p ϭ 0.003) and with parietal CBF (r ϭ Ϫ0.51; p ϭ 0.041) but not with global CBF or any other regional CBF. DISCUSSION We found that the PSD group has more evidence of vascular pathology indicated by WMH volumes and lower cortical perfusion. In the AD group, there was reduced perfusion specifically in the parietal and prefrontal areas, consistent with previous studies, 6 but no increase in WMH volume.
Differences between the PSD and AD groups are that, relative to control subjects, the stroke group had lower perfusion throughout the whole GM and specifically reduced perfusion relative to that in the AD group in the central gyrus region, which is typically spared in AD. WMH volume, typical of small vessel disease, was increased in stroke but not in AD, and the PSND group had a total brain volume of the same size as that of the AD group (and almost significantly different from that of the control group) (table 2), whereas their hippocampus size, although smaller than that for the control group, was larger than that in the AD group.
The PSND group showed subtle changes in cognitive function, with low CBF rather than hippocampus volume predicting a low CAMCOG-R score in the stroke group. The data in the stroke group, i.e., the presence of WMH, lower brain volume, and decreased cognitive ability, are in accord with the suggestion 2 that stroke increases the risk of dementia because vascular damage increases the susceptibility of the brain to further insult. Hence, either a second stroke, which markedly increases dementia incidence, 1 or development of Alzheimer pathology will lead to earlier dementia or cognitive decline than would otherwise occur. None of the PSD group and only one of the PSND group reported a subsequent stroke, and hence in this cohort, development of AD seems a more likely cause of dementia or cognitive decline.
Hippocampus atrophy has been found to be a good surrogate of AD pathology in postmortem studies. 22 In the PSND group, there was evidence of mild hippocampus atrophy and hypoperfusion in the parietal cortex, both typical of early AD. 6, 22 MTA just after the stroke was correlated specifically with parietal hypoperfusion at 6 years, again supporting the idea that the atrophy is related to AD. Furthermore, the addition of baseline cognition to the regression changed the imaging predictor of CAMCOG-R score from CBF to hippocampus, perhaps suggesting that stroke caused a simultaneous lowering in perfusion and cognitive ability and that subsequent cognitive decline is related to hippocampus atrophy. Some of the cognitive decline in the stroke group is likely to be due to AD-type changes, with the probability that the ischemic changes (increased WMH volume and tendency to reduced perfusion) has reduced the cognitive reserve, making the brain more sensitive to the additional pathology. The best predictor of low global CBF in the stroke group was hippocampus volume, again suggesting that presence of AD-type pathology may play a causal role in CBF reduction. Incidence of AD shows a stronger increase with age than does incidence of VaD, 23 and this may explain the relatively strong presence of Alzheimer-type neuroimaging features in the stroke group of this old age group. The strong correlation of baseline CAMCOG-R score with 6-year CAMCOG-R score in the stroke group suggests that baseline cognitive testing shortly after stroke may be a good predictor of relative cognitive performance a number of years later.
Research on the relationship of CBF to dementia in vascular disease has mostly been done in subcortical ischemic vascular disease (SIVD). Methodology has varied, with voxel-based analysis being used to find a reduction in the thalamus 7,9 and parietal and temporal lobes. 9 An ROI study found reductions in parietal, temporal, and frontal lobes in SIVD similar to those in AD compared with those in control subjects 8 with a slightly greater magnitude of reduction in parietal CBF in SIVD. A study of a larger cohort of stroke subjects on average 1 year after stroke looked at whole-hemisphere CBF and showed that bilateral CBF reduction was associated with cognitive decline. 10 Our study is one of the few to examine CBF in elderly stroke survivors long term after stroke, and its findings are broadly consistent with these previous studies, with parietal and global defi-cits in CBF related to dementia, and in the cognitively normal stroke group, there are CBF deficits 6 years poststroke.
A number of studies have linked perfusion or metabolic changes to subcortical GM structures, including the thalamus in VaD. 7, 9, 24, 25 We did not find significant differences in thalamic perfusion between groups; however, the thalamic perfusion was lowest in the PSD group. There may be some variation in perfusion deficits according to different stroke type (the 2 poststroke studies that found thalamic perfusion reductions were of small vessel disease); however, not all studies examined the thalamus. We did not find any differences in thalamic perfusion between the different stroke classifications albeit with relatively low numbers in each group. It may be that the heterogeneity of our stroke group reduced the significance of any thalamic perfusion changes.
Limitations of the study include the few stroke subjects with dementia. Given the heterogeneity of stroke, this means that the PSD group is not necessarily representative of patients with PSD as a whole. Because this study investigated poststroke delayed dementia, imaging was, of necessity, performed 6 years after the initial stroke. There is thus a survivor effect, with those subjects experiencing ill health being more likely to have dropped out. This may have biased the profile of the remaining subjects with dementia to a more Alzheimer type, because those with severe vascular disease dropped out. Unfortunately, we did not have any postmortem or Pittsburgh compound B amyloid imaging confirmation of Alzheimer-type pathology. The MRI group had a relatively large proportion of subjects with posterior syndrome stroke compared with the original cohort, which may also have biased the results toward a more posterior deficit in CBF. Although we tried to recruit all the surviving stroke subjects, a number of them were too ill to tolerate imaging, and incidence of dementia was higher in this group. It is likely that this group with poorer health and greater dementia incidence may have had a lower CBF than those with imaging, and hence our findings probably underestimate the degree of hypoperfusion in poststroke survivors.
Strengths of the study include a well-characterized group of older poststroke survivors who did not have dementia immediately after stroke and well-matched comparison groups of subjects with AD and healthy control subjects. We used information from the anatomic image to identify GM pixels in the perfusion image, and thus changes in perfusion values should represent changes in CBF rather than brain atrophy.
We found evidence of both vascular and AD-type changes in the PSD group, suggesting that both the direct impact of the stroke and, more importantly, the subsequent development of AD in a compromised brain play a role in the etiology of PSD.
